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Over the last decade, advances in anaesthesia and intensive care have made surgery in patients with cardiovascular disease safer. Nevertheless, cardiovascular complications of anaesthesia and surgery remain relatively common. These complications include myocardial infarction, progressive myocardial ischaemia, arrhythmias, congestive cardiac failure and stroke. One in 12 patients with coronary artery disease is likely to develop such complications (Kaplan & Dunbar 1979) . That cardiac complications of anaesthesia and surgery remain frequent reflects the trend to undertake increasingly invasive operations in even the sickest patients. It is likely that the routine preoperative assessment and anaesthetic management that are adequate for most patients, are inadequate for patients with a severely compromised myocardium. Aggressive monitoring and systematic prevention and treatment of abnormalities likely to cause myocardial ischaemia are necessary. Moreover, our present knowledge of the effects of anaesthesia is still incomplete as far as the severely compromised heart is concerned.
Preoperative assessment and risk factors The careful preoperative assessment of patients with cardiovascular diseases makes it possible to establish the diagnosis, to evaluate the functional reserve and to gain some insight into the risk of cardiac morbidity and mortality. Several recent reviews have been devoted to the preoperative evaluation of cardiac patients (FoCK 1981 , Wynands 1982 .
Trying to estimate the risk of postoperative complications is not easy. The classification of physical status, according to the American Society of Anesthesiologists (Saklad 1941) and modified by Dripps et al. (1961) , is not designed to estimate the postoperative risk but rather to describe the preoperative condition of the patient so that tabulation of statistical data in anaesthesia becomes possible. Naturally, there is good correlation between physical status, overall surgical mortality and incidence of life-threatening complications (Marx et al. 1973) . However, prediction of cardiac risk is not necessarily good when only this classification is used.
Multifactorial index of cardiac risk
To determine which preoperative factors contribute to the cardiac complications of anaesthesia and major non-cardiac surgery, Goldman and his colleagues (1977) studied over 1000 patients, all over 40 years of age. Detailed postoperative follow up was obtained in order to document all cases of life-threatening cardiac complications and cardiac deaths. The data relating to preoperative evaluation and postoperative complications were subjected to discriminant analysis, the significant determinants of the cardiac risk were·identified and their relative importance established as a score (Table 1) . With this multifactorial index, the correct prognosis can be predicted in 80% of cases. All the significant factors of risk are easy to identify during the preoperative visit. When several factors are present the risk escalates. For a score between 13 and 25, life-threatening complications occurred in 11 % of the patients, and cardiac death in 2%. Death occurred in 56% of those patients with scores greater than 26. The most important risk factors are right or left ventricular failure, even in their incipient forms, recent myocardial infarction and arrhythmias. Surprisingly, angina and arterial hypertension do not appear as significant factors of risk and, of the valvular diseases, only a tight aortic stenosis appears to be an additional risk factor. Other studies of risk factors emphasize the importance of coronary artery disease and arterial hypertension (Peter et al. 1980) . . Three aspects of the cardiac risk -coronary artery disease, arterial hypertension and disorders of conduction -will be discussed further.
Coronary artery disease
The major factor of risk is a recent myocardial infarction. Postoperative reinfarction is very common when surgery takes place within three months of a previous infarction. Advances in anaesthesia have reduced the frequency of reinfarction from almost 100% (Knapp et al. 1962) to about 6% . However, mortality of reinfarction is about 60%; and within the first two months of a previous infarction the incidence of reinfarction is still about 25%. Reinfarction is more likely to occur after abdominal and thoracic surgery and appears to relate to the duration of surgery. Intraoperative hypo-and hypertension increase the risk of reinfarction (Chamberlain & Edmonds-Seal 1964 , Steen et 01. 1978 . Persistence of angina . after infarction is very ominous, increasing the postoperative morbidity and mortality respectively two-and four-fold (Ponka 1977) . Conversely, coronary artery bypass procedures contribute to a reduction of the risk of reinfarction during and following anaesthesia for non-cardiac surgery (Mahar et al. 1978) .
Unstable angina, characterized by increased frequency and duration of angina, requires the same treatment as myocardial infarction and is likely to' increase the operative risks to the same extent. Angina caused by anxiety and emotion is a greater cause for concern than angina caused by exercise. During the perioperative period patients are likely to be anxious and, therefore, to suffer angina. Triple vessel disease is as significant a risk factor as previous infarction (Mahar et 01. 1978) .
Abnormalities of myocardial wall function are frequently detected in patients suffering from coronary artery disease. At rest, 60% of patients show minor abnormalities of wall motion while up to 86% exhibit more pronounced wall dysfunction at exercise (Lindsay et 01. 1980) . Wall motion can be studied not only invasively by ventriculography, but also noninvasively. The noninvasive methods rely on radionuciides (radionuciide cineangiography), ultrasound (echocardiography) or magnetometry (cardiokymography). These methods are of proven value in the assessment of patients with coronary artery disease (Borer et al. 1977 , Silverberg et al. 1980 and should be used systematically in the preoperative assessment of patients with significant coronary artery disease. Where substantial abnormalities of wall motion are present, the negative inotropy of most anaesthetic agents is likely to cause severe depression of global cardiac function.
Arterial hypertension . Arterial hypertension is one of the commonest causes of cardiovascular deaths, mainly from myocardial infarction and cerebrovascular accidents (Hollander 1973 , Bulpitt et al. 1979 . Mild hypertension, whether treated or not, does not appear to be a significant determinant of the cardiac risk of anaesthesia (Goldman & Caldera 1979) . Moderate hypertension, however, requires detailed evaluation of the extent of involvement of the target organs. If there is significant cerebrovascular, coronary artery or renal disease, treatment of hypertension prior to elective surgery is recommended (Goldman & Caldera 1979 , Prys-Roberts 1979 . Severe arterial hypertension with diastolic blood pressure of 110 mmHg or greater is observed in as many as II % of surgical patients (Kyei-Mensah & Somanathan 1976) . Surgery should not be carried out before optimal treatment has been achieved (Prys-Roberts et al. 1971 , Brown 1980 . Left ventricular hypertrophy is a cause for concern. Ventricular compliance is reduced by hypertrophy and ventricular function is very sensitive to alterations in preload. Excessive filling may easily cause pulmonary oedema, while reduced filling may result in severe reductions in cardiac output. The management of patients with left ventricular hypertrophy is made safer by measuring the left-sided filling pressures (Serensen & Engell 1978) .
Arrhythmias and heart blocks Atrial arrhythmias are often considered relatively benign. However, they may precede the development of atrial tachycardia and atrial fibrillation. The loss of properly-timed atrial contraction reduces ventricular filling, particularly when the ventricular rate is fast. Fluid load may be poorly tolerated and, for major surgery, patients with atrial fibrillation benefit from measurement of the pulmonary capillary wedge pressure (Serensen & Engell 1978) . Ventricular ectopic activity is often associated with organic heart disease or digitalis toxicity and frequently occurs in patients with wall dysfunction and poor ejection fraction (Schulze et aJ. 1975 , Sharma et aJ. 1974 . Thus, it is not surprising that any rhythm other than sinus rhythm constitutes a significant factor of the cardiac risk of anaesthesia and surgery (Goldman et aJ. 1977) .
Disorders of atrioventricular and intraventricular conduction (bifascicular blocks) are a serious threat. Anaesthetic agents and perioperative disorders involving potassium balance may worsen conduction. Moreover, anaesthesia and surgery increase the incidence of ectopic rhythms. After ectopic beats, conduction may be severely impaired and a mild disorder can be transformed into a complete heart block. If there is any suspicion of Stokes-Adams episodes or with the more severe blocks (Mobitz II, third degree heart block, sick sinus syndrome), insertion of a temporary pacemaker is essential prior to surgery. In all cases the possible implications of conduction disorders must be envisaged (Table 2) and temporary pacing considered (Wynands 1976 , Simon 1977 , Zaidan 1979 . Failure to recognize the presence of conduction disorders and to use a pacemaker when indicated may result in fatality (Ponka 1977) .
Causes of intraoperative myocardial ischaemia
Most cardiac complications of anaesthesia and surgery are caused by an imbalance between myocardial oxygen demand and supply. The major determinants of myocardial oxygen demand are heart rate, wall tension, contractility and cardiac work. The latter has often been neglected but recent studies have shown that increases in cardiac work caused by high blood flow require almost as much oxygen as similar increases caused by high pressure (Vinter-Johansen et aJ. 1982). The determinants of oxygen supply are arterial oxygen content, oxygen availability (a function of the oxyhaemoglobin dissociation curve) and coronary blood flow. The latter depends upon coronary vascular resistance, coronary perfusion pressure and duration' of diastole.
Because of increases in sympathetic activity resulting from anaesthetic or surgical manoeuvres, hypertension and tachycardia often occur. Clamping of major vessels may increase vascular resistance and cause hypertension or ventricular dilatation. Anaesthetic agents and blood or fluid losses may cause hypotension. These changes may all 'compromise the balance between oxygen demand and oxygen supply.
Tachycardia: An increase in heart rate causes a linear-related increase in myocardial oxygen consumption (Kitamura et al. 1972) . While oxygen demand is increased, oxygen supply is impaired by the reduction of the duration of diastole. As heart rate increases, the duration of the cardiac cycle decreases and this reduction is mostly due to the reduction of the diastolic period (Boudoulas et al. 1979 ). An increase in heart rate from 60 to 110 beats per. minute reduces the proportion of the cardiac cycle spent in diastole by about a quarter. Prevention or treatment of tachycardia is essential for the maintenance of myocardial oxygen balance.
Hypertension: Increases in systolic wall tension necessarily increase myocardial oxygen consumption but at the same time increase the coronary' perfusion pressure, and hence coronary blood flow and oxygen supply are also improved. However, when the coronary circulation is severely compromised, the increase in oxygen demand is likely to outstrip the increase in supply and ischaemia will develop (Prys-Roberts et al. 1971) . The danger of hypertension is apparent in a comparison by Riles et al. (1979) of two techniques of anaesthesia for carotid endarterectomy. When normotensive anaesthesia was used, the incidence of myocardial infarction was about 2% in patients with heart disease. When hypertensive anaesthesia was used, myocardial infarction occurred in about 8% of the patients with heart disease.
Hypotension:' With the reduction in wall tension, oxygen consumption is reduced. However, the coronary perfusion pressure decreases and there is considerable risk of some territories becoming severely ischaemic. Hypotension caused by haemorrhage has been shown substantially to increase the size of experimental subepicardial infarction (DeBoer et al. 1982) . Hypotension is a significant determinant of postoperative reinfarction .
Left ventricular dilatation:
The introduction of the balloon-tipped flow-directed catheter in clinical practice has made it possible to monitor the pulmonary capillary wedge pressure during anaesthesia and surgery. Not infrequently, large increases in left ventricular filling pressure have been observed. With such increases, myocardial oxygen consumption increases (diastolic wall tension being higher) and the coronary perfusion pressure decreases. It is now recognized that increases in resistance to left ventricular ejection are accompanied by hypertension when left ventricular function is good, and by left ventricular dilatation when it is poor. The former is easily detected by standard monitoring while the latter is not.
Prevention and treatment of ischaemia It has been shown that aggressive monitoring of arterial pressure, central venous pressure and pulmonary capillary wedge pressure, as well as the electrocardiogram, during anaesthesia and the early postoperative period, coupled with aggressive treatment of all the abnormalities likely to cause myocardial ischaemia, decreases the incidence of postoperative reinfarction (Kaplan & Dunbar 1979 , Rao & EI-Etr 1981 . This aggressive attitude towards monitoring and treatment of all causes of myocardial ischaemia is essential not only for the few patients in whom surgery cannot be delayed after a recent myocardial infarction, but also in the many patients in whom the myocardium is compromised. Prevention of imbalance between supply and demand rests with the maintenance of antihypertensive medication and treatment of coronary artery disease up until the few hours preceding surgery. Perioperatively, there may be a need to use adrenergic beta-receptor antagonists, antiarrhythmic agents, vasodilators, particularly nitroglycerine derivatives and, on occasion, inotropes in order to ensure cardiovascular stability and minimize the risk of perioperative ischaemia.
Anaesthesia and the compromised heart Our present knowledge of the effects of anaesthesia on the heart and the circulation, though fairly extensive, is far from being complete. Relatively little is known of the effects of anaesthesia on the ischaemic myocardium. There have been some studies of the effects of anaesthesia on myocardium rendered ischaemic by the complete occlusion of a coronary artery (Bland & Lowenstein 1976 , Davis et al. 1979 , Ribeiro et al. 1979 , or by an 80% reduction in coronary blood flow (Van Ackern et al. 1982) . In these studies, anaesthesia appeared to decrease the extent of the ischaemic damage, ostensibly by improving the ratio of oxygen supply to demand (Smith et al. 1980) . In all these studies deepening anaesthesia caused reductions in heart rate and systolic arterial pressure and, therefore, decreased oxygen demand. The limitation of these studies is that their conclusion of a favourable effect of anaesthesia on the myocardium may only apply to the situation of acute myocardial infarction or to that of increased demand because of unduly light anaesthesia.
Recently, the effects of halothane , 1981 , Francis et al. 1982 ) and enflurane (Cutfield et al. 1980 ) on global and regional cardiac function have been studied in dogs in which a coronary artery had been critically narrowed. With critical constriction, autoregulation of coronary blood flow is lost and there is no coronary flow reserve. Coronary flow in the compromised area would appear to be comparable to that of an area causing angina pectoris. In such an area, coronary flow is able to meet basal oxygen demands but cannot increase normally in response to stresses. With this model, increasing the inspired concentration of either agent caused more depression of'rnyocardium supplied by the critically-narrowed coronary artery than of normal myocardium. Moreover, in the case of halothane, the greater depression of wall function in the compromised territory was accompanied by the development of abnormal patterns of wall function. These abnormal patterns were similar to those observed in acute myocardial ischaemia (Theroux et al. 1976) and were seen when coronary blood flow was severely reduced because of the reduction in arterial pressure (Francis et al. 1982) . Thus, it appears that anaesthesia may, when myocardial depression occurs, cause severe depression and ischaemic changes in the compromised myocardium.
Similar alterations in wall function have been observed in man. In a study of 24 patients with coronary artery disease, Elliott and his colleagues (1980) have observed the development of abnormalities of left ventricular wall function after induction of anaesthesia in 10 patients. The changes in wall motion had been detected by echocardiography and in only one instance had the ST segments become abnormal. Routine monitoring of the electrocardiogram reveals only a small proportion of the episodes of myocardial ischaemia which occur. during anaesthesia (Roy et al. 1979) . After laryngoscopy and intubation, arrhythmias, signs of myocardial ischaemia (Prys-Roberts et al. 1971) , may develop and the ejection fraction may remain depressed for a prolonged period (Giles et al. 1982) indicating that the myocardium has been further compromised. Even after brief episodes of myocardial ischaemia, biochemical changes, i.e. high energy phosphate levels, may remain depressed for up to three to seven days (Braunwald & Kloner 1982) . Thus, an episode of myocardial ischaemia occurring during anaesthesia and surgery, though transient, may well facilitate the development of postoperative cardiovascular complications. There is a need for developing better means of detecting myocardial ischaemia, better anaesthetic techniques to minimize the risk of myocardial ischaemia, and to evaluate the efficacy of cardiovascular drugs, i.e. adrenergic beta-receptor blockers, nitrates and calcium channel blockers, in protecting the ischaemic myocardium.
